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A B S T R A C T Bradykinin (BK) increases short-circuit current (Isc) when added to the serosal side of rabbit or guinea pig ileum or rabbit colon. Significant effects on Isc are seen at concentrations as low as 10-' M. Anion substitution experiments and unidirectional 36C flux measurements indicate that this effect of BK on Isc is due to Cl secretion. The effect of BK on Isc can be partially blocked (60-70% inhibition) by cyclooxygenase inhibitors (indomethacin and/or naproxen) and completely blocked by the phospholipase inhibitor, mepacrine. The combined cyclooxygenase/lipoxygenase inhibitors BW 755 and eicosa-5,8,11,14-tetraynoic acid (ETYA) also completely block the effect of BK on Isc but the slow-reacting substance of anaphylaxis (SRS-A) antagonist FPL 55712 has no effect. None of the above inhibitors diminish the effect on Isc of other exogenously added secretory stimuli such as vasoactive intestinal peptide (VIP), theophylline, or prostaglandin E2 (PGE2). Prior desensitization of rabbit ileum to PGE2 blocks the effect on Isc of BK but not those of VIP or theophylline. Conversely, prior desensitization of rabbit ileum to BK greatly reduces the effect of PGE2 on Isc. BK also stimulates the synthesis of PGE2 in rabbit ileal and colonic mucosa and INTRODUCTION Several peptides and other classes of bioactive substances have been shown to alter ion transport across the epithelium of the small and large intestine when examined in vitro (1) (2) (3) (4) (5) . Most of these substances are neurotransmitters or hormones stored in nerve cells of the enteric ganglia or in endocrine cells in the mucosa. In addition, prostaglandins of the E series (e.g., PGE2)' ' Abbreviations used in this paper: AA, arachidonic acid; BK, bradykinin; ETYA, eicosa-5,8,11,14-tetraynoic acid; G, tissue conductance; HETE, 5-hydroxyeicosatetraenoic acid; HPETE, 5-hydroperoxyeicosatetraenoic acid; Isc, short-circuit current; m, mucosa; NDGA, nordihydroguiaretic acid; PD, transepithelial electrical potential difference; PGE2, prostaglandin E2; s, serosa; SRS-A, slow-reacting substance of anaphylaxis.
have been shown to be powerful stimuli of intestinal secretion (6) . Prostaglandins and related substances such as prostacyclin and thromboxanes are known to be produced by the intestine (7) (8) (9) (10) . They are locally synthesized from arachidonic acid (AA) through the action of the enzyme cyclooxygenase (11) . The precursor AA is released from phospholipids in the cell membranes either through the action of the enzyme phospholipase A2 or through the action of diacylglyceride lipase. It has also recently been shown that AA can be metabolized by a second enzyme, lipoxygenase, to produce leukotrienes and related substances (12, 13) . This group of substances has been shown to have several powerful biological effects, such as leukocyte migration and anaphylaxis. Two lipoxygenase products have also recently been shown to stimulate colonic secretion (14) . Since an increase in prostaglandin production by the gut has been reported to occur in inflammatory states such as ulcerative colitis (15) , it is important to determine how AA metabolism is regulated in the intestine under both normal and pathological conditions.
The kinins are a group of biologically active peptides known to affect smooth muscle and sensory neurons, as well as other cell types (16) . In certain cases, kinins may be stored as neurotransmitters (17 (20) . In the present experiments, we demonstrate, in both colon and ileum, the BK-stimulated electrolyte secretion is mediated by AA metabolites.
METHODS
Measurements of transepithelial electrical potential difference (PD) and short-circuit current (Isc). New Zealand White male rabbits (2-3 kg) were fed standard rabbit chow and water ad lib. Rabbits were killed by cervical dislocation and -10 cm of distal colon or 20 cm of distal ileum was quickly removed, opened along its mesenteric border, and rinsed clean of luminal contents with cold Ringer's solution containing, in mmol/liter: NaCl, 114; KCI, 5; Na2HPO4, 1.65; NaH2PO4, 0.3; CaCI2, 1.25; MgCl2, 1.1; and NaHCO3, 25 (standard Ringer). Before use, tissues were maintained in ice-cold Ringer bubbled with 5% CO2 in O2. The standard Ringer also contained captopril (10-6 M) to inhibit BK metabolism (21) . In guinea pig ileum this concentration of captopril shifts the BK dose-response curve to the left, decreasing the ED50 ' 10-fold (19) .
The serosa and two muscle layers were removed down to the muscularis mucosae by placing a 10-cm strip of ileum, serosa up, on a lucite plate, making a transverse cut through both external muscle layers with a razor blade, and stripping off the layers longitudinally with fine forceps.
PD, Isc, and tissue conductance (G) were measured as described previously (22) . Six pieces of mucosa were mounted in Ussing chambers (1.12 cm2 cross-sectional area), and bathed in 8 ml of standard Ringer on each side. Solutions were circulated by gas lift (5% CO2 in 02) and maintained at 370C in water-jacketed reservoirs. Glucose, 10 gmol/ml, was added to the serosal medium, and an equimolar amount of mannitol was added to the mucosal medium. In some experiments, Isc measurements were made in a Cl-free or a Cl and HCO3-free Ringer, Cl and HCO3 being replaced by gluconate. HCO3-free Ringer was bubbled with 100% 02-Hartley female guinea pigs were fed standard guinea pig chow and water ad lib. Animals were decapitated and segments of distal ileum -10-15 cm in length were excised 5 cm above the ileocecal junction. After stripping off the serosa and underlying longitudinal muscle layer, each of four adjacent tissues were mounted between lucite half-chambers, the exposed area being 0.64 cm2. Other experimental procedures were the same as those described above for rabbit intestine.
Inhibitor studies. Following a further 15-min incubation the serosal medium (total volume 1.5 ml) was collected, frozen, and replaced with either standard Ringer or standard Ringer containing BK (10-M). Following a further 15-min incubation, the serosal solution was again collected and frozen. In a second series of experiments the two incubation-collection times were separated by 30 min, during which the tissue was incubated with normal Ringer containing indomethacin, mepacrine, or neither. These drugs were also present during the 15-min collection period following addition of BK. 100-Asl aliquots were directly assayed for PGE2 by radioimmunoassay (23) . The medium blank was 16.0 pg/ml (24.0 pg/ sample) and was not altered by addition of i0' BK. The PGE2 radioimmunoassay is highly specific showing <5% cross-reactivity with PGEI, 1.5% with 6-keto-F1,, and <0.1% with PGAI, PGD2, and PGI2 (23 tA/cm2 and the ED50 was 4.4 X 1010 M (Fig. 1) . As also observed in the colon with other secretory stimuli (24) , there was a significant increase in tissue conductance (G averaged 8.6±0.4 mS/cm2 in the absence and 11.8±0.5 mS/cm2 in the presence of 10-7 BK, n = 6, P < 0.025). As in rabbit and guinea pig ileum, the Isc, after becoming maximal, slowly decreased to base line. At Values are Meq/h-cm2+SE except for G, which is in mS/cm2, n = 4 with all three conditions tested in each experiment. Concentrations of BK, PGE2, and theophylline were 10-7 M, 10-6 M, and 5 X 10-3 M, respectively. All were added to the serosal side. Captopril (10-6 M) was present in the bathing media for all three conditions. P P < 0.025 compared with control.
I P < 0.01 compared with control.
confirmed by measurements of unidirectional Cl fluxes (Table I) : the m-to-s flux did not change significantly but the s-to-m flux increased, accounting for the change in net flux. The effect produced by BK was smaller in magnitude than that produced by a combination of PGE2 and theophylline ( pacrine (28) . Again we observed inhibition of the response to BK in both rabbit colon and guinea pig ileum (Figs. 2 and 3) . In this case, however, complete inhibition of the BK response was observed at high-drug concentrations. Mepacrine was not, however, a nonspecific inhibitor of secretion since at 100 juM, a concentration at which it inhibited the response to BK by >80%, it failed to diminish the Isc response to PGE2 (three experiments, data not shown).
Since the maximal inhibition produced by indomethacin was 60-70% whereas that produced by mepacrine approached 100%, we considered the possibility that some lipoxygenase product of AA might also play a role in the BK response. We therefore examined the effect of the lipoxygenase inhibitor NDGA (29) . In both rabbit colon and guinea pig ileum NDGA inhibited the response to BK (Figs. 2 and 3 ). Concentrations of drug >106 M were inhibitory in rabbit colon and >10' M were inhibitory in guinea pig ileum. In both rabbit colon and guinea pig ileum, >80% suppression of the BK response was observed at 100,uM NDGA. At this concentration, NDGA (Fig. 3) . Desensitization studies. We have previously shown that selective desensitization to the secretory effects of prostaglandins develops in rabbit ileum (but not rabbit colon) upon continued exposure to PGE2 (33) . Thus, after the production and spontaneous dissipation of a response to PGE2 (10' M), which occurs over 45-60 min, a second challenge dose is ineffective whereas responses to other stimuli such as theophylline and vasoactive intestinal peptide (VIP) remain unaltered. We therefore examined the effect of BK in rabbit ileum following desensitization to PGE2 (Fig. 4) . In the PGE2-desensitized tissue, the effect of BK on Isc was inhibited whereas those of theophylline and VIP were unchanged. Similarly, after repeated additions of BK (10-7 M), rabbit ileum becomes desensitized to BK. After BK desensitization, the tissue is also less responsive to PGE2: the Isc response after 106 M PGE2 was reduced 69±7% in BK-desensitized tissues (four experiments). In contrast, the Isc response to theophylline was unaltered in the BK-desensitized tissues. These experiments provide further evidence that the effect of BK on intestinal ion transport is mediated by one or more AA metabolites.
Effect of BK on prostaglandin release from ileal and colonic mucosa. We investigated the ability of BK to stimulate PGE2 production in rabbit ileal and colonic mucosa in vitro (Table II) . During a 15-min control period, there was measurable PGE2 release from both ileal and colonic mucosa. Basal release was higher in the ileum. In the 15 min following addition of BK (10-7 M) , the release of PGE2 into the medium increased two-to 10-fold in the ileum and three-to sixfold in the colon. In a second series of experiments Values are means±1 SE for (n) experiments. From each animal, ileal and colonic mucosal sheets were mounted serosal side up, in specially designed low volume chambers. After an initial 25-35-min preincubation period, the serosal solution was replaced with 1.5 ml of fresh standard Ringer and, after another 15 min this solution was removed for assay. In these series of experiments, after the control or base line collection, the Ringer solution was replaced with either standard Ringer or one containing indomethacin (50 1sM) or mepacrine (100 jM). After 30 min the solutions were again replaced with Ringers containing 10' M BK and the appropriate inhibitors. After and additional 15 min the solutions were removed for assay and the experiment terminated. Data represent total PGE2 release into the serosal solution over 15 min. A prior study using the same methodology showed almost no PGE2 release into the mucosal solution (27) . P < 0.05 compared with paired base line.
I P < 0.01 compared with paired base line. § P < 0.02 compared with paired base line.
we tested the ability of indomethacin and mepacrine to inhibit the BK-stimulated increase in PGE2 release (Table III) . Indomethacin nearly completely blocked PGE2 production both in the colon and in the ileum; mepacrine did not inhibit basal PGE2 production and release but did inhibit the increase caused by BK. It is of interest that mepacrine did not block basal PGE2 production and release. Most of the PGE2 present under basal conditions appears to arise via a mepacrineinsensitive pathway. This pool of PGE2 is probably not connected with the regulation of ion transport, however, since indomethacin, which markedly decreases basal PGE2 production, has little or no effect on basal rates of ion transport in rabbit ileum (27) . Effects of AA addition on ion transport. Similarities to the effects of BK. Observations in several other tissues suggest that BK produces its effects by stimulating the release of AA from cell membranes (34) (35) (36) . To further evaluate the validity of this hypothesis for intestine, we compared the effects of exogenously added AA to those of BK. Addition of AA to the serosal side of rabbit ileum (Fig. 5) causes a marked, although short-lived (20-30 min), increase in PD and Isc. In rabbit colon, the increase in Isc is somewhat more prolonged (40-90 min). Fig. 5 also shows that these changes in Isc reflect changes in Cl transport. As is the case for other secretory stimuli in rabbit ileum (26) , the changes in net Cl flux were about twice as large as the changes in Isc. This is due to the fact that secretory stimuli also inhibit net Na absorption, thereby diminishing the overall change in Isc (2, 6). In rabbit colon, the secretory stimuli do not inhibit Na transport (24) and, as a result, the increases in Isc produced here tend to be greater than in rabbit ileum (compare the Isc responses to BK in colon and ileum in Fig. 1) .
The effect of AA on Isc is markedly inhibited by indomethacin (Fig. 6) . The inhibition is total except at the highest concentrations of AA tested. As previously reported (27) , AA also markedly stimulates PGE2 production in rabbit ileum. Although in that report indomethacin failed to inhibit this increase in PGE2 production, it should be noted that an extremely high concentration of arachidonate had been used (0.8 mM). At this concentration, the effect of AA on Isc is also not completely inhibited by indomethacin (Fig. 6 ).
The effect of AA on Isc, like that of BK, proved to be short-lived in ileum (Fig. 5 ). This suggests desensitization to AA or, more likely, to one of its metabolites. Fig. 4 shows that prior desensitization of rabbit ileum to PGE2 abolishes the Isc response to AA as well as to BK.
DISCUSSION
The ileal epithelium of the guinea pig contains receptors for kinins, the activation of which stimulates active Cl secretion (19 Cuthbert and Margolius (20) . Indeed, it is well documented that the effects of BK in several other tissues are produced in this way (37) (38) (39) (40) (41) (42) (Fig. 4) (14) . They do so also in guinea pig ileum (three experiments, data not shown), but not in rabbit ileum. The absence of 5-HPETE and 5-HETE effects on rabbit ileum suggests that these products are not responsible for the failure of indomethacin to inhibit by 100%. These two products were not tested in rabbit ileum in the presence of indomethacin, however, and the possibility of secretory effects from other lipoxygenase products has also not been entirely excluded.
In view of the apparent predominance of cyclooxygenase over lipoxygenase products as mediators of the secretory response to BK, it may seem paradoxical that NDGA, a lipoxygenase inhibitor, completely blocked the Isc response to BK in both ileum and colon. High concentrations of NDGA are known to block PGE2 generation as well as lipoxygenase activity (44) , however, and in our experiments high concentrations were indeed required to appreciably diminish the response to BK. Thus, the results obtained with NDGA must be interpreted with caution. It should be noted, however, that the combined lipoxygenase/cyclooxygenase inhibitors ETYA and BW 755 completely suppressed the actions of BK in rabbit colon. Evidence for the involvement of a lipoxygenase product was sought through the use of FPL 55712 that acts as an antagonist of the SRS-A (32) . No inhibition was seen with this drug, indicating that leukotrienes C and D do not participate in the response to BK. However, as mentioned above, other lipoxygenase products do stimulate secretion in rabbit colon (14) and guinea pig ileum, although apparently not in rabbit ileum (14 (45) .
The various components of the kinin/kallikrein system are known to exist in the gastrointestinal tract (46) (47) (48) . The presence of kininogen and kallikrein in the colon has been studied in particular. In this tissue, it has been suggested that kinins mediate the effects of noncholinergic, nonadrenergic nerves on colonic smooth muscle (46) . In addition, alterations in the components of this system appear to occur in ulcerative colitis (48) . We have demonstrated that in addition to intestinal smooth muscle, the epithelium is a target for the action of kinins. It is well established that both kinins and prostaglandins participate in inflammatory reactions. Thus, the production of kinins could serve as an important step mediating several symptoms associated with inflammatory intestinal disorders.
